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a b s t r a c t
A sensitive and solvent-less method for the determination of musty and earthy off-ﬂavor compounds,
2-methylisoborneol (MIB) and geosmin (GSM), in salmon tissue was developed using stir bar sorptive
extraction–thermaldesorption coupledwithgas chromatography–mass spectrometry (SBSE–TD–GCMS).
MIB and GSM were solid phase extracted using polydimethylsiloxane (PDMS) coated stir bars, analyzed
by gas chromatography, and detected in full scan mode of mass selective detector (MSD). Using this
method, the calibration curves ofMIB andGSMwere linear in the range of 0.3–100ng/L,with a correlation
coefﬁcient above 0.999 and RSDs less than 4% (n=4). The limit of detection (LOD, S/N=3, n=6) and limithermal desorption coupled with gas
hromatography–mass spectrometry
eosmin and 2-methylisoborneol
almon ﬁllets
of quantiﬁcation (LOQ, S/N=10, n=6) of MIB and GSM were both ∼0.3 and 1ng/L, respectively. The
recoveries of MIB and GSM were 22% and 29% by spike in 30ng/L standard compounds, 23% and 30%
by spike-in 100ng/L standard compounds in salmon tissue samples with good precision (<8% of RSDs,
n=6), respectively. The recoveries of MIB and GSM were better than reported methodologies using SPME
ﬁbres (<10%) in ﬁsh tissue samples. This method was successfully applied to monitor and characterize
depurated salmon ﬁllet samples (0, 3, 6 and 10 days).. Introduction
Geosmin (1a,10h-dimethyl-9a-decalol, GSM) and
-methylisoborneol (1-R-exo-1,2,7,7-tetramethylbicylo-[2,2,1]-
eptan-2-ol, MIB) are semi-volatile off-ﬂavor compounds with
imilar chemical structures that are produced by certain species of
ctinomycetes, fungi and blue-green algae [1–3]. These off-ﬂavor
ompounds have been shown to be themain cause of earthy-musty
dorants in water from aquaculture facilities. MIB and GSM tend to
io-accumulate within ﬁsh ﬂesh dependent on the concentration
f the compound in the water supply, water temperature, fat
ontent and mass of ﬁsh, and other abiotic and biotic factors [4].
lthough off-ﬂavor compounds are harmless to human health,
igh levels within ﬁsh tissue leads to an undesirable taste which is
ypically regarded as being of unmarketable quality for consump-
ion [5,6]. As such, it is essential for ﬁsh farm managers to have
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access to reliable measurement techniques for MIB and GSM in
water and in ﬁsh, which would allow the optimization of off-ﬂavor
depuration protocols and ultimately enhance product quality. The
threshold concentration of off-ﬂavor compound odor in water has
been reported to be around 30ng/L for MIB and 10ng/L for GSM
[7,8]. However, the sensory thresholds of MIB and GSM in ﬁsh is
greater and varies from 80ng/kg to 1000ng/kg, due to the ﬂavor
of the ﬁsh masking off-ﬂavors [5]. Therefore, a sensitive, selective,
and simple method to determine the presence and concentration
of MIB and GSM at low (ng/kg) level is required.
The determination of off-ﬂavor compounds has been carried out
by gas chromatography–mass spectrometry (GC–MS), by coupling
highly efﬁcient separation technology (capillary GC) with highly
sensitive detector (MS) to identify or/and quantify off-ﬂavor com-
pounds. However, a pre-concentration is necessary to measure
trace level compounds in the sample. Several sampling techniques
have developed recently, such as liquid-phase microextraction
(LPME) [9,10], solid phase microextraction (SPME) [6,11] and stir
bar sorptive extraction (SBSE) [12,13] for water samples and other
Open access under CC BY license.matrixes. The different extraction methods coupling with GC–MS
wereused for off-ﬂavor analysis indifferentﬁsh, suchas salmon [6],
barramundi [14], catﬁsh [15] and trout [16]. The recovery of ﬁsh tis-
sue analysis based on mentioned methods ranged from 5% to 30%.
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ompared to LMPE and SPME, SBSE using polydimethylsiloxane
PDMS) coated bars has higher recoveries and higher capacity, and
s a solvent-less technology with high accuracy in quantiﬁcation.
he aim of this paper was to apply SBSE coupled to thermal des-
rption (TD)–GC–MS to characterize and monitor ultra-trace level
ff-ﬂavor compounds, GSM and MIB, in ﬁsh ﬁllets.
. Experimental
.1. Materials
Standard solution (100g/mL inmethanol) ofMIBandGSM, and
nternal standard of 2-isopropyl-3-methoxypyrazine (100g/mL
n methanol) were purchased from Sigma–Aldrich (St. Louis,
O, USA). The different concentration of stock standard solution
0.05–500g/L) was diluted with methanol and added into satu-
ated NaCl solution to prepare the working standard solutions. All
ther chemicals were of analytical grade. The commercial stir bars
TwisterTM] were incorporated in a glass jacket and coated with
DMS (length: 10mm, thickness: 0.5mm), aswell as the10mLvials
nd relatedequipmentwereobtained fromGerstel (Linthicum,MD,
SA).
.2. Recirculating aquaculture systems (RAS) and depuration
rocess
Atlantic salmon were cultured to food-size (3–5kg) at the Con-
ervation Fund’s Freshwater Institute (Shepherdstown, WV, USA)
ithin a commercial scale (150m3) land-based recirculating aqua-
ulture system (RAS). Salmonused for the studywere transferred to
2 identical partial water reuse systems (0.5m3) that were used to
epurate/purge theﬁshof existing off-ﬂavors thatmight bepresent
n the ﬂesh. The 12-tanks were used in a 2×2 factorial experi-
ental design to evaluate the combined effectiveness for off-ﬂavor
eduction of hydrogen peroxide disinfection and presence/absence
f water aeration media [17]. All ﬁsh were taken off-feed one-day
rior to transfer to the depuration systems and remained off-feed
uring the depuration period, as is the common practice for food-
sh produced in RAS. Six salmon were ﬁlleted upon removal from
he150m3 RAS inorder to obtain baseline off-ﬂavor concentrations
nDay0. Thereafter, salmon (n=3–4)were randomly selected from
ach tank and ﬁlleted on Days 3, 6, and 10 of the depuration period.
kin-off ﬁllets were collected, vacuum sealed in individual plastic
ags, and immediately frozen. The right-side, anterior third of the
llet was collected for each ﬁsh.
.3. Standard and sample preparation for SBSE
Preparation of standard: 20L of each concentration of work-
ng standard solutions and 20L of internal standard (15g/L,
nal concentration 30ng/L) were added in 9.96mL saturated
aCl solution in 10mL amber vials. MIB and GSM (20L) stock
olutions (concentration of 15g/L and 50g/L) were spiked in
or recovery experiments with ﬁnal concentrations of 30ng/L and
00ng/L. Salmon ﬁllet samples arrived at the laboratory frozen in
eparate labelled vacuum sealed plastic bags. The salmon ﬁllets
ere thawed in a cold room (4 ◦C) for 2–3h before being cut into
mall pieces for grounding using a Mini-Prep Chopper/Grinder
Cuisinart®, Canada). Ground salmon tissue (≤1±0.08g) was put
nto 10mL amber vials with 9mL saturated NaCl solution. Prior to
se, the stir bars were conditioned in the thermal desorption unit
TDU) for 1h at 280 ◦C in a ﬂow of helium. For sample extraction
sing SBSE, one stir bar was used for 2h at 1000 rpm in each
crew-capped vial. After extraction, the stir bar was removed
ith a forceps, rinsed twice with Millipore water, and dried withA 1321 (2013) 133–136
a lint-free tissue. Two stir bars were placed in a glass thermal
desorption tube for TD–GC–MS analysis.
2.4. TD–GC–MS analysis
The desorption tube was then placed in TDU, where the stir
bars were thermally desorbed by programming the TDU from 40 ◦C
(held for 0.5min) to 280 ◦C (held for 3min) at 240 ◦C/min. Trans-
fer temperature was ﬁxed at 275 ◦C. The desorbed compounds
were Cryo focussed in the CIS 4 with a glasswool notched liner
at −120 ◦C. After desorption, the CIS 4 was programmed from
280 ◦C (held for 3min) at 12 ◦C/s to inject the trapped compounds
onto the analytical column. Injection was performed in the pro-
grammable temperature vaporization (PTV) solvent vent mode,
and purge ﬂow to split vent was 36mL/min at 1min. The sepa-
rations were carried out on a HP-5ms fused-silica capillary column
[30m (length)×250m (I.D.)×0.25m (ﬁlm thickness); Agilent
Technologies,Mississauga, ON, Canada]. The oven temperaturewas
programmed from 50 ◦C (held for 1min) to 150 ◦C (held for 1min)
at 15 ◦C/min, then to 280 ◦C (held for 0.8min) at 25 ◦C/min, and
total run time was 15min. Helium was used as the carrier gas at a
ﬂow rate of 1.2mL/min. The mass spectrometer (5975C, MSD, Agi-
lent Technologies) was operated in the full scan mode. The used
stir bars were cleaned by soaking in Milli-Q puriﬁed water for 1h
and then a mixture of methylene chloride–methanol (1:1) for 2h.
The stir bars were dried on a clean surface at room temperature
for 2–4h and reconditioned using a Tube Conditioner (TC2, Gerstel,
MD, USA) at 280 ◦C for 2h in a ﬂow of N2.
3. Results and discussion
3.1. Optimization of methods
Since SBSE is by nature an equilibrium technique, the extraction
of compounds from the matrixes into the PDMS phase is con-
trolled by the partitioning coefﬁcients [18]. Recently, studies have
correlated the partitioning coefﬁcient with the octanol–water dis-
tribution (Ko/w) and compoundshavemorehydrophobic properties
with high Ko/w values [19]. Both the distribution coefﬁcient ratio
and phase ratio control the extraction recovery in SBSE process.
The logKo/w values of MIB and GSM were 3.31 and 3.57 respec-
tively and theoretical recoveries of MIB and GSM for SBSE using
smaller sample volumes are higher, such as using 10mm×0.5mm
stir bar, recoveries of MIB and GSM are 83.1% and 89.9% in 10mL
sample volume, and 74.8% and 62% in 30mL, respectively. There-
fore, a 10mL sample volume was used extracted by one stir bar
with a stirring rate was 1000 rpm in saturated NaCl solution for
standard curve and salmon tissue samples. The sorption kinetics in
one stir bar were studied at room temperature by using 100ng/L of
MIB and GSM in saturated NaCl solution over different extraction
time. The sorption of MIB and GSM over time increased quickly up
to 120min and then slowed down almost reaching a plateau state
in saturated NaCl solution and in tissue (Fig. 1). It also displayed
the matrix (salmon tissue) effect in the process of SBSE. There-
fore, a SBSE time of 120min was chosen for all experiments. For
salmon samples, two stir bars were placed together in the thermal
desorption tube for a means of increasing detectability.
3.2. Validation of method
The typical MS spectra and ion extraction chromatograms of
MIB and GSM were shown in Fig. 2A–D, obtained by 120min SBSE
of salmon tissue samples and fortiﬁedat 30ng/L standards followed
by TD–GC–MS analysis. To validate the method, the linearity was
initially examined by analyzing MIB and GSM standards in satu-
rated NaCl solution under optimized conditions. The data points
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Fig. 1. Extraction time effects on SBSE–TD–GC–MS of MIB (A) and GSM (B), 100ng/L of MIB and GSM in salmon tissue and saturated NaCl water solution at room temperature
(n=3, RSDs<8%).
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probably had a negative effect upon solid extraction. Overall, SBSE
is a solvent-less process with one step of extraction, providing sim-
ilar recovery of microwave pre-concentration and better recovery
for quantiﬁcation than SPME.
Table 1
Recovery study of MIB and GSM using the proposed SBSE–TD–GC–MS method at
30ng/L and 100ng/L spiking level, respectively.
Spike-in (ng/L) Recovery±CV (%)a
MIB GSM
In solutionb In tissuec In solutionb In tissuec
30 93 ± 5 23 ± 3 92 ± 9 30 ± 8ig. 2. Mass spectra of MIB (A) and GSM (B) under quantitative tuning of GC–MS; i
BSE–TD–GC–MS of fortiﬁed salmon tissue sample (lower) and spiked at 30ng/L (u
or the standard addition calibration graphs were collected over
range of 0.3–100ng/L (n=4, RSDs<4%) and the method showed
ood linearity with correlation coefﬁcients of 0.9999 and 0.9996
or MIB and GSM, respectively. Limit of detections (LODs) were
alculated as three times of the signal-to-noise (S/N) of blank sam-
le (n=6) and limit of quantiﬁcations (LOQs) were determined as
en times of S/N of blank (n=6). LODs (S/N=3) and LOQs (S/N=10)
f MIB and GSM (∼0.3ng/L and ∼1ng/L, respectively) were calcu-
ated both by repeated analysis (n=6) of fortiﬁed sample spiked
t 0.1–1ng/L levels, similar to previous reports in water analysis
20,21]. Recoveries ofMIB andGSMwere calculated by comparison
f the spike two different concentration standards with or without
almon tissue and it ranged from 23% to 30% with good precision
RSDs, <8%) (Table 1). The recoveries of both compounds by using
BSE–TD–GC–MS were lower than previously published water and
ine analyses (>70%) [22,23], similar to microwave extraction in
rout (∼30%) [5], andmuchhigher thansolidphasemicroextraction
SPME) of catﬁsh tissue (<10%) [11]. By comparison to water andtraction chromatograms of MIB (m/z=95) (C) and GSM (D) (m/z=112) obtained by
wine, the matrix of ﬁsh tissue analysis had lower recovery, which100 96 ± 3 27 ± 4 94 ± 10 29 ± 8
a Four replicate analyses.
b Saturated NaCl solution.
c 1 g ground salmon tissue with 9mL saturated NaCl solution.
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Table 2
Amount of MIB and GSM (ng/kg) determined using the developed method in ﬁllets
from salmon raised in a recirculating aquaculture system after different depuration
times.
Off-ﬂavor
compounds
Depuration time (day)a
0 3 6 10
MIB 207 ± 35 180 ± 36 107 ± 28 50.8 ± 22
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[21] N. Ochiai, AppNote 5 (2005) 1.
[22] C. Cortada, L. Vidal, A. Canals, J. Chromatogr. A 1218 (2011) 17.
[23] B. Hurlburt, S.W. Lloyd, C.C. Grimm, J. Chromatogr. Sci. 47 (2009) 670.
[24] M. Kawaguchi, A. Takatsu, R. Ito, H. Nakazawa, Trends Anal. Chem. 45 (2013)GSM 119 ± 28 47 ± 11 30 ± 45 28 ± 2
a Mean (±S.E.) level of 6 salmon ﬁllets.
.3. Analysis of depurated salmon tissue
Six salmon ﬁllets randomly selected from the 12-experimental
epuration tanks from each depuration time (0, 3, 6 and 10 days)
ere analyzed using the developed method to obtain an average
alue for monitoring and evaluating the process of depuration efﬁ-
iency for salmon ﬁsh. The method determined the amount of
IB and GSM successfully and the mean of MIB and GSM level
ecreased signiﬁcantly (>50%) after 6 days’ depuration (Table 2).
n comparison to other studies that have examined different lev-
ls of depuration rates of off-ﬂavor compounds using in salmon and
rout [5,6], the data in this study conﬁrm the utility of the described
BSE–TD–GC–MS method for future accurate analyses of the MIB
nd GSM off-ﬂavor compounds in ﬁsh.
. Conclusion
The rapid, simple and solvent-less method of SBSE–TD–GC–MS
or analysis of MIB and GSM in salmon tissue has been described
ith high sensitivity and recoveries equivalent to other method
sing a ﬁsh tissue matrix. The method can be applied to detect off-
avor compounds at very low concentration, by using signiﬁcantly
maller amounts of tissue samples, without any pre-concentration,
ike microwave distillation, or liquid extraction. The method can be
eliably utilized by the farmed ﬁsh industry for studying accumu-
ation and dissipation of MIB and GSM in ﬁsh tissues associated
ith altering management practices. In addition, the method may
rovide broad applications for screening and analysis of thermally
table volatile and semi-volatile compounds in a wide variety of
ood and meat products [18,24].cknowledgements
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